An apparatus is described for precise measurement of growth rate of an alga as a function of intensity and intermittency of illumination. Dilution of a culture is controlled by a photometric device to just such a rate as will maintain constant density of population and balance the growth rate. Maintenance of constant volume by an automatic siphon allows direct application of the differential form of the growth equation in evaluating specific growth rate. The relationships of the new apparatus to other steady-state growth devices are discussed. periment. Cells harvested from a continuous-culture apparatus were centrifuged out and resuspended in a 1/4-strength EDTA Knops solution (13) to a population density which gave a 50 % transmission in an Evelyn colorimeter with 600 m,u glter. In the growth chamber this suspension had a transmission of 81 % as measured with a fully-illuminated photocell placed behind the suspension. Constancy of the photometric control was checked duringf and at the end of each experiment by readings of transmission of the suspension in the Evelyn colorimeter; all such readings fell within the range of 48-52 %. In each experiment the specific growth rate, k, was evaluated in loge units per day as described in the preceding paper. The temperature used throughout was 25°C.
SUMMARY
An apparatus is described for precise measurement of growth rate of an alga as a function of intensity and intermittency of illumination. Dilution of a culture is controlled by a photometric device to just such a rate as will maintain constant density of population and balance the growth rate. Maintenance of constant volume by an automatic siphon allows direct application of the differential form of the growth equation in evaluating specific growth rate. The relationships of the new apparatus to other steady-state growth devices are discussed. Grateful (12) . Cells at the front surface of a culture use the very high light intensity of sunlight with low efficiency; at the same time cells at the back surface of a dense culture may receive no light at all. In theoretical studies of effects of intermittent light on photosynthesis it has been shown that light of high intensity may be used with high efficiency if presented in short flashes separated by long dark periods. One anticipates that some similar effect will hold for the total growth process as well as for photosynthesis alone. If, by turbulence of culture suspension, individual algal cells are moved back and forth between the high intensity of the front surface and the darkness of the back surface, an improvement in over-all efficiency of light utilization by the culture might be effected.
Reported herein is an investigation of the characteristics of growth of a representative alga, Chlorella pyrenoidosa, in intermittent light. In order to obtain interpretable results, rate of growth has been studied in thin layers of culture suspension of such low population density that mutual shading effects of the cells are minimized. Intermittent illumination of measurable characteristics has been provided by a mechanical optical system. As a secondary objective it has been necessary to determine also the characteristics of the light intensity curve for growth in continuous illumination.
MATERIALS AND periment. Cells harvested from a continuous-culture apparatus were centrifuged out and resuspended in a 1/4-strength EDTA Knops solution (13) to a population density which gave a 50 % transmission in an Evelyn colorimeter with 600 m,u glter. In the growth chamber this suspension had a transmission of 81 % as measured with a fully-illuminated photocell placed behind the suspension. Constancy of the photometric control was checked duringf and at the end of each experiment by readings of transmission of the suspension in the Evelyn colorimeter; all such readings fell within the range of 48-52 %. In each experiment the specific growth rate, k, was evaluated in loge units per day as described in the preceding paper. The temperature used throughout was 25°C.
INTENSITY MEASUREMENT: Measurements of light intensity at the position of the growth chamber were made with a large surface Moll thermopile with a compensated Aryton shunt and Rubicon Type T galvanometer. It was calibrated without a shielding window against an NBS standard lamp. For subsequent measurements the thermopile was used with a thin glass shielding window. Estimate of the intensity of visible radiation was obtained by use of a Jena RG8 filter which transmits the near infrared and has a sharp cut-off at 7000 A (fig 1) . Readings with the thermopile were taken alternately with the system open, with the RG8 filter, and with the system closed by a shutter. (For positions of the shutter and filter in the optical system see figure 2 of the preceding paper.) Total deflection with the system open, minus deflection with the RGS filter was taken as the measure of visible radiation. The procedure is similar to that used by Kok (8) . A series of check readings made with a calibrated Weston 603 Illumination meter showed good linearity with the thermopile and RG8 filter method at lower light intensities. In the intensity data to be presented below, 41 erg/cm2-sec is equivalent to 1.0 pile window, as determined with a Beckman spectrophotometer, are presented in figure 1 . The neutral filters are reasonably flat in the 5000 to 7000 A region which contains 86 % of the visible radiation used (fig 2) . SPECTRAL CHARACTER OF THE ILLUMINATION: The spectral distribution of the illumination used is presented in figure 2. Curve A is the relative energy output of the lamp operated at 100 volts, color temperature 2990°K, with corrections for tungsten emis-WAVELENGTH Fia. 1 . Transmission curves of the filters used. A-H, the series of Wratten neutral filters. I, the thermopile window. J, the RG8 filter. The unit of wave length is 10' A. spectral quality of the light used in the two series of experiments. The intensity for each experiment was taken as the average of values obtained at the beginning and end which, except in two very long experiments, were within 2 % of the average.
For study of growth rate as a function of intensity of continuous illumination the intensity was varied by use of Wratten neutral filters or copper screens in position F of the optical system. Lower intensities required addition of a ground glass diffusion plate in position S. Transmission versus wave length curves of the neutral filters, the RG8 filter, and the thermosivity (data kindly supplied by Dr. H. Haynes of General Electric). Curve B is the relative energy output of the lamp transmitted by 23.5 cm of water as calculated from the data of Collins (3) . Curve B represents the spectral distribution of the illumination seen by the algal suspension. Curve C is the fraction of the total illumination (curve B) transmitted by the RG8 filter.
The method of estimating intensity in the visible region described above, effectively subtracts the area under curve C (transmitted by the RG8) from the area under curve B (total illumination). Actually 6 Galvanometer deflections were recorded as a function of horizontal position of the diaphragm and the data are presented as curve A of figure 3. The procedure was repeated with a typical algal suspension in an absorption cell 0.5 cm thick (curve B) and again in a cell 1.0 cm thick (curve C) placed just in front of the diaphragm. The intensity distribution in light flashes produced by 1/4" and 1/2" sectors may be visualized from the completed curves of figure 3 . Curves A, B, and C represent the light flash contours occurring at the front surface, the center, and the back surface of the algal suspension.
While figure 3 presents an adequate description of the light flashes, it does not completely characterize the dark periods. Of critical importance is the integrity of the darkness maintained during the dark periods, particularly when these are very long, for reasons which will be considered in the subsequent discussion. The figure 6 to give a family of curves of flash yield against dark time for the four values of tf used. As td approaches zero, the yield per flash approaches the value of k/tf observed in continuous illumination at high light intensity. This limit yield per flash at zero td was negligible for the very short flashes (10-5 sec) used by Emerson and Arnold. In the present experiments, 5 from the observed value of k in flashing light of the same integrated intensity. This procedure has been applied to give the data, labelled "gain-k" in the eighth column and "gain-k/flash" in the tenth column of table III, which characterize only the intermittency effects. Actually the procedure makes some degree of overcorrection; it is based on the assumption that the photochemical apparatus is maintained at a constant degree of light Comparison of the present data on specific growth rate with those of photosynthesis studies requires conversion of k to the units measured by manometry. C02/02 has been shown to be 0.7 (4) . Unless there are severe changes in nitrogen content the quotient during steady-state growth at high light intensities will be 0.7 also; at any rate it will not be higher than 0.9 as measured in short-time manometric experiments. For present purposes 224 ,ul carbon dioxide are taken as equivalent to 320 ul 02 (A.Q. =0.7) as the more likely value although it is recognized that the equivalence might be as low as 250 jul 02 (A.Q. = 0.9). In short, values of k may be converted to ,uI 02/A1 eells upon multiplying by 320.
Comment should be made at this point that chlorophyll content does not enter in any way into the determination of any one value of k. Each value of k was determined during steady-state growth under conditions of constant chlorophyll content. It is true that the photometric method used is sensitive to chlorophyll absorption as well as to light scattering. However, even if the photometric device responded only to chlorophyll so that the method directly measured k in terms of A chlorophyll/chlorophyll per tunit time, then within any one determination on a given steady-state the same value of k would describe also A cell number/cell number and A cell weight/cell weight per unit time. A quite different consequence of chlorophyll content is discussed in a later section.
The present data are compared in table IV with those obtained in other investigations. The important value of maximum flash yield shows a 27-fold variation and the minimum dark time required for maximum yield shows a 13-fold variation. Most of the variation is introduced by the longer flash times used by Tamiya (15) to give flashes of about 10-5 seconds similar to those of Emerson and Arnold. These studies contain various types of evidence for attainment of flash saturation in very short flashes. Their results were interpreted as supporting the argument of Emerson and Arnold that -the maximum yield produced by a very short and saturating flash is determined only by the quantity of an enzyme with a turnover time of about 0.01 second at 25°C. However, no studv yet made with very short flashes provides conclusive evidence for both flash saturation and temperature-independence of maximum yield which is necessary to refute Tamiya's conclusion.
A third possible explanation of the differences between short-flash and long-flash intermittency results has been suggested by Weller and Franck (16) and by Ehrmantraut and Rabinowitch (4a) . When the light flash and dark period are lengthened, the limitation controlling flash yield is transferred from the "Emerson and Arnold enzyme" to some other slower enzyme system. The new system may be the one responsible for the dark pick-up phenomenon observed by Mc CHLOROPHYLL CONTENT: NIethanol extracts of the cells harvested at the end of each growth experiment showed no significant differences in the shape of the absorption curve determined between 6000 and 7000 A. The peak of the curve at 6700 A has been used as a measure of chlorophyll concentration. Data expressing relative chlorophyll concentration per unit volume of cells are plotted in figure 8 . Chlorophyll content is the same function of light intensity previously reported by Myers (11) . In intermittent light the data show the same pattern with minor deviations when plotted in terms of integrated light intensity. Unfortunately, the small quantity of cells available in each experiment limits the precision of the chlorophyll assay, and conversion to absolute amounts is not merited. Use of MacKinney's (9) absorption coefficient of 74.5 for chlorophyll in methanol at the red peak gives chlorophyll contents within the range observed by Emerson and Arnold (6) .
The variability in chlorophyll concentration with light intensity means tha.t the concentration contributes to the characteristics of the light intensity curve for growth ( fig 5) . The PRACTICAL ASPECTS: The entirely practical question, toward which the present work was directed, is the possible contribution of turbulence of culture to increase in growth rate in dense cultures. The light intensity of 23 x 104 erg/cm2-sec used is about 0.6 of the maximum intensity of full sunlight in the visible region. It can be seen from the curves of figures 5 and 6 tha,t a dense culture growing under sunlight will experience a significant increase in growth if cells are moved in and out of the high intensity of the front surface at such a rate as to give flash times between 0.001 and 0.1 second. It is also clear that the culture should be thick enough or dense enough so that almost all the light will be absorbed in the first 10 % and the dark time will be about ten times as long as the light flash. These considerations lead to the conclusion that almost any attempt to grow algae in sunlight will experience some gain by turbulence. The feasibility of increasing the turbulence will depend upon the extent of the gain in growth as compared to the increased power requirement of stirring or pumping the suspension. 

